Detection and qualification of unknown impurities during commercial drug synthesis have been mandated by the regulatory authorities. 3,3'-(propane-1,3-diyl)bis (7,8-dimethoxy-1,3,4,5-tetrahydro-2H-benzo [d]azepin-2-one) in short IVA-9, is one such process-related impurity formed during the synthesis of cardiotonic drug Ivabradine. The structure and properties of this molecule have not been explored yet. A suggestive reaction route for the chance formation of IVA-9 during the commercial synthesis of parent drug molecule has been reported in this article. Further, the optimized geometry and vibrational studies have been computed using Gaussian 09. Experimental FTIR scan has also been performed and values show satisfactory consilience with the computational data. The frontier orbital energies and energy band gaps of the reaction fragments and products were computed. The evaluation of ADME parameters such as absorption, distribution, metabolism, and excretion are performed using SwissADME tool to assess the drug-likeness and medicinal chemistry friendliness. Six physiochemical parameters namely flexibility, lipophilicity, size, polarity, solubility and saturation and their critical limits are depicted using the bioavailability radar of the programme to provide insights into pharmacokinetic properties such as human gastrointestinal absorption (HIA), blood-brain-barrier (BBB) permeability, total polar surface area (TPSA) and inhibitor action to important cytochromes etc.
Introduction
Impurity profiling is an important subset of the pharmacological drug development programme. Presence of impurity molecules in the pharmaceutical formulations might influence the therapeutic compliance and even jeopardize the safety and efficacy of drugs. Historically, impurity is any substance that impacts the percentage purity of the matter of interest like an active ingredient or drug material. However, these impurities do not necessarily affect the quality negatively all the time. Having said that, the purity of the active pharmaceutical ingredient (API) would be compromised, notwithstanding whether the impurity has superior pharmacological or toxicological property. Therefore, any foreign material-whether inert, toxic or pharmaceutically superior-must be thoroughly analyzed and accounted for [1] . 3,3'-(propane-1,3-diyl)bis(7, 8-dimethoxy-1,3,4,5-tetrahydro-2H-benzo [d]azepin-2-one) (IVA-9) is an impurity produced during the commercial synthesis of cardiotonic drug Ivabradine. Ivabradine is a negative chronotropic drug which helps to lower heart rate without many adverse effects [2] . The natural pacemaker of the heart, also known as the sinoatrial node, undergoes spontaneous depolarization due to the recurring changes in its membrane potential [3] . Ivabradine functions by controlling the percolation of sodium-potassium ions through the hyperpolarisation-activated cyclic nucleotide-gated (HCN) channels or the 'f' channels. This sodium-potassium current initiates the diastolic depolarization and hence is responsible for the pacemaker current. Ivabradine selectively blocks the ions flow through the HCN channels by physically binding on to these channels and this result in a reduced pacemaker current. A lowered pacemaker current ensures a reduced heart rate, dependent on the drug dosage [4] . Though sufficient information is available about the structure, properties [5, 6, 7] , and estimation techniques [8, 9, 10, 11, 12, 13, 14, 15] of Ivabradine; there is little information available about its impurity molecule IVA-9 ( Fig. 1a & 1b) . The spectroscopic and volumetric estimation of the title molecule has been studied recently by the same authors [16] . At times, the exploratory studies of such molecules lead to the development of alternate drug molecules with better pharmacodynamics or help us to assess its toxicity impact. This has prompted the authors to undertake the structural and spectral studies of IVA-9 via experimental and computational approaches to assess the structure-property relationship. The primary screening of the physiochemical properties was also performed to assess and compare the drug-likeness and toxicity effects vis-a-vis the parent drug. The authors are hopeful that these results might help in the future studies wherein IVA-9 could be explored as a potential drug molecule with good pharmacological properties and minimum toxicological impacts.
Materials and methods
3,3'-(propane-1,3-diyl)bis(7,8-dimethoxy-1,3,4,5-tetrahydro-2Hbenzo [d]azepin-2-one) received as a gift sample was used as received. Shimadzu IRSpirit Fourier Transform Spectrophotometer was used for vibrational analysis of the sample between 4000-400 cm À1 with a resolution of 2 cm À1 . Computational studies were performed using Gaussian 09 [17] and Gaussview 06 interface on VMware 8 core virtual CPU (Dell Power Edge R740 server). The optimized geometry, the geometrical parameters, and the vibrational spectrum were computed using Density Functional Theory (DFT) at basis set B3LYP/6-311g. SwissADME, a web-based tool is used to study the physiochemical aspects to assess the drug-likeness and pharmacokinetics of IV-9 [18] . The SwissADME web tool can be accessed freely via http://www.swissadme.ch.
Results

Synthetic route for ivabradine and chance formation of IVA-9 as an impurity
The routine synthesis of Ivabradine involves the reaction of 7,8-dimethoxy-1,3-dihydrobenzo(d)azepin-2-one (I) with dimethyl formamide to form 7,8-Dimethoxy-3-(3-chloropropyl)-l, 3-dihydro-2H-3-benzazepin-2one (II) which is then converted to its iodo-derivative (III). The compound III undergoes coupling with (lS)-4,5-Dimethoxy-l-[(methylamino) methyl]benzocyclobutane hydrochloride followed by selective hydrogenation to yield Ivabradine (Fig. 2) [19] .
Though, IVA-9 was not a listed by-product of this reaction, the possibility of its chance formation as an impurity during commercial synthesis has been described by the following reaction route ( Fig. 3 ).
Structural elucidation
The parent drug Ivabradine is a horse-shoe shaped molecule made up of two unsymmetrical bicyclic moieties ( Fig. 4) ; first part containing a seven-member lactam unit whereas the latter has a cyclobutane part [5] .
However, the impurity molecule is expected to be different from the parent molecule as it is formed by the dimerization of two lactam bearing segments connected via an alicyclic linkage. The structure is symmetric between two benzazepine units without the tertiary amino nitrogen. Computational modeling has emerged as a powerful tool to elucidate structural and spectral properties of unexplored molecules. The geometry optimization of the molecule was obtained by DFT modeling method using B3LYP/3-21g basis set and the same has been visualized with atom numbering in Fig. 5 . The optimized molecule resembles a hat-shaped structure symmetric between two benzazepine units, unlike the horseshoe shaped Ivabradine molecule. The benzene ring is distorted a bit as seen by the bond angles 118.9 and 119 at C1 and C6 positions respectively due to the presence of electron-releasing methoxy groups. Further, the methoxy substitution reduces the bond lengths between C1-C2 and C5-C6 to 1.39Å. The lactam chair is expectedly non-planar with bond angles of either 119 or 112 but with an increased bond angle of around 130 at N12. Further, there is a substantial reduction of bond length to 1.37 from 1.5Å between N12 and the beta carbon. There are considerable The apex of the hat made by the aliphatic linkage showed a bond angle of 116 . Out of the four methoxy groups, two (one each on either side) lie in the same plane as the benzene ring while other two (one each on either side) is out of the plane at a dihedral angle of 55 due to the possible torsional strains. The optimized structure visualizes that the lone pair on the lactam nitrogen delocalizes into the lactam ring. This has been corroborated by a short bond length of 1.37Å between N12 and C11. The list of significant dihedral angles is appended in below in Table 1 .
The computed geometrical parameters such as bond lengths and bond angles were then compared with the experimentally obtained results. As no crystallographic data was available for IVA-9 in the literature, we have used the data pertaining to the lactam bearing segment of Ivabradine [21] for comparison. The results showed reasonable agreement between computed and experimental data ( 
Vibrational studies
The solid phase FTIR spectrum was recorded using Shimadzu IRSpirit Fourier Transform Spectrophotometer and the fundamental modes of vibrations were analyzed and interpreted. KBr pellet method was used for sample preparation and the scanning was done between 4000-400 cm À1 with a resolution of 2 cm À1 . The vibrational frequencies were also computed using Gaussian09 with the optimized molecule geometry predicted by DFT at B3LYP/3-21g as the input. The optimized IVA-9 molecule has 69 atoms and 201 possible fundamental vibrations. The computed CH vibrational frequencies are scaled with a scaling factor of 0.966 for better agreement (See Fig. 8 (a) & (b) ; Table 3 ).
Aromatic CH stretching vibrations are observed between 3100-3000 cm À1 [22, 23] and corresponding in-plane bending vibrations are seen in the range of 1400-1100 cm À1 [24] . vibrations are visible at 1237, 1194 cm À1 and 1227, 1191 cm À1 in theoretical and experimental analysis respectively.
HOMO-LUMO energy gap
The energies of frontier orbitals are useful in assessing the chemical reactivity and thermodynamic stability of a system (See Fig. 9 ). In general, the energies of the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) indicate the electronreleasing and electron-gaining capacities respectively. The HOMO and LUMO energies of 7,8-dimethoxy-1,3-dihydrobenzo(d)azepin-2-one (I) & 7,8-Dimethoxy-3-(3-iodopropyl)-l, 3-dihydro-2H-3-benzazepin-2-one (III), the addition product (IV) and IVA-9 are computed and presented in Table 4 .
A relatively larger HOMO-LUMO gap of 5.56 eV in IVA-9 is justifiable due to a relatively small aromatic system compared to the reagent compounds and intermediates. Due to this, IVA-9 shows higher kinetic and thermodynamic stability and less chemical reactivity. Further, the lack of conjugation renders the molecule colorless with fewer chances of electronic excitation in the visible range.
The energy gap of 5.56 eV in IVA-9 falls at around 225 nm in the ultraviolet region and the molecule is expected to show strong absorption at this wavelength. This has been cross-checked by performing UV-Visible scan via experimental (using Shimadzu UV-Vis spectrophotometer) and computational Time-Dependent DFT (TDDFT) methods and the results are given below (Fig. 10) .
A relatively smaller electronic energy implies good stability of the impurity molecule compared to other reacting intermediates and the possibility of the molecule being carried over along with the active ingredient during commercial synthesis.
ADME studies
Safety and efficacy are vital aspects of the drug discovery process. It is important to know how the human body process and reacts to a drug system. A successful drug molecule must reach the target site in the adequate amount and remain there in its bioactive form till its intended biologic actions are performed. The evaluation of parameters such as absorption, distribution, metabolism, and excretion (ADME) are very important in this regard for a potential drug molecule. Drug development pipeline often produces a myriad of impurity and intermediate molecules with a potential drug-like character and toxicity effects. The onus is the investigator to spot the best molecule that could go on to become a potential medicine. SwissADME is a useful tool for this primary level of screening and helps in reducing pharmacokinetics-related failure during clinical trials at a later stage [25] . The output file contains a 2D chemical structure of the compound and bioavailability radar which gives a quick inference about the drug-likeness in a nutshell (Fig. 11 ). Six parameters namely flexibility, lipophilicity, size, polarity, solubility and saturation and their critical limits are depicted in the bioavailability radar (See Table 5 ). SwissADME also provides insights into other pharmacokinetic properties such as human gastrointestinal absorption (HIA), blood-brain-barrier (BBB) permeability, total polar surface area (TPSA) and inhibitor action to important cytochromes, etc.
By and large, IVA-9 shows similar physiochemical properties compared to Ivabradine. The cytochrome inhibitory actions are similar in most cases. It has a slightly higher total polar surface area (TPSA) due to the presence of extra polar carbonyl oxygen. This, in turn, results in a lower blood-brain-barrier (BBB) permeability. Overall, both molecules show comparable drug-likeness and medicinal chemistry friendliness indices.
Conclusions
The structural, spectral and physiochemical properties of the title molecule were studied. The lattice parameters and IR intensities computed showed reasonable concordance with the experimental results pertaining to the lactam bearing segment of Ivabradine molecule. The prospects of chance formation of IVA-9 impurity during the commercial manufacture of the parent drug were also discussed. A relatively larger HOMO-LUMO gap of 5.56 eV shows higher kinetic and thermodynamic stability and less chemical reactivity. The physiochemical properties of IVA-9 such as lipophilicity, water-solubility, polarity, and saturation are comparable to that of the drug molecule, Ivabradine. However, the bioavailability radar shows IVA-9 relatively more flexible than the parent drug due to its symmetric structure. This could be a factor considering the fact that Ivabradine physically binds to the HCN channels to block the passage of ions. It would be useful to explore the possibility of using the impurity molecule for selective blocking in HCN channels due to the structural appropriateness. As a future scope, the article envisages the toxicity studies of the impurity when present along with the parent drug in pharmacological formulations. 
